Diluting the combustion mixtures is one of the advanced approaches to reduce the NO x emission of methane/air premixed turbulent flame, especially with high diluents to create a distributed reaction zone and mild combustion, which can lower the temperature of reaction zone and reduce the formation of NO x . The effect of N 2 /CO 2 dilution on the combustion characteristics of methane/air premixed turbulent flame with different dilution ratio and different exit Reynolds number was conducted by OH-PLIF and CH 2 O-PLIF. Results show that the increase of dilution ratio can sharply reduce the concentration of OH and CH 2 O, and postpone the burning of fuel. Compared with the ultra-lean combustion, the dilution weakens the combustion more obviously. For different dilution gases, the concentration of OH in the combustion zone varies greatly, while the concentration of CH 2 O in the unburned zone is less affected by different dilution gas. The CO 2 dilution has a more significant effect on OH concentration than N 2 with the given dilution ratio, but a similar effect on the concentration of CH 2 O in the preheat zone of flame. However, dilution does not have much influence on the flame structure with the given turbulent intensity.
Introduction
Energy and environmental issues have become significant topics in recent decades. Many efforts have been done to reduce the emission of pollutions caused by the utilization of fossil fuel, such as NO x , SO x , and soot. In NO x reduction, one of those advanced approaches is diluting the combustion mixtures [1] [2] [3] [4] especially with high temperature diluents to create a distributed reaction zone and mild combustion [2, 5, 6] which can lower the temperature of the reaction zone and reduce the formation of NO x . The dilution can be achieved with exhaust gas recirculation (EGR), steam, or low calorific value (LCV) fuels utilization, which normally contain a massive amount of incombustible gas, such as N 2 , CO 2 , and H 2 O. These gases make the chemical reaction rate drop significantly and combustion process out of the normal flame-let regime more easily [4] [5] [6] [7] [8] [9] [10] [11] . Recently, many studies about the effect of dilution on the characteristics of combustion have been performed, such as turbulent burning velocity, flame stability, flame structure, and pollution emission [2, [12] [13] [14] [15] [16] ]. 2 of 11 Among these researches, laser diagnostic techniques were adopted widely, and much essential information of flames has been obtained, e.g., the structure of turbulent flames [1] [2] [3] 17, 18] , OH radical laser measurement [19] [20] [21] [22] , and the intermediate product CH 2 O [20,23-33] . Dally et al. [34] and Medwell et al. [2] used planar laser induced fluorescence (PLIF) and Rayleigh scattering (RS) measured the flame structure of turbulent non-premixed jet flames. Kobayshi et al. [3] did some research on the methane/air flames with the dilution of 10% CO 2 with OH-PLIF. Wang et al. [35] calculated the local radius of curvature, fractal inner cutoff scale, and local flame angle using OH-PLIF images of methane/air flames with 10% CO 2 /H 2 O dilution. In addition, Han et al. [11] did some work of the dilution effect of N 2 and CO 2 on the flames in a swirl-stabilized combustor.
The dilution ratio of the above-mentioned studies was all less than 20%, and the concentration of OH was studied without the important intermediate product CH 2 O. Therefore, in the current work, in order to get some knowledge of the effect of high dilution ratio on the premixed turbulent flames, dilution ratio was raised up to 50% to gain a high Kariovitaz number (Ka) with high Reynolds number. Ka number is the ratio of the rotational time of the turbulent minimum vortex (Komogorov vortex) to the chemical reaction time of the flame. The greater the Ka, the faster the turbulent mixing rate compared to the chemical reaction rate of the flame. The flame with a high rate of dilution was also compared with the flame with extreme low equivalence ratio (ϕ = 0.4), which can obtain some fundamental understanding about the interaction between turbulent transfer and chemical reaction in distributed reaction regimes including mild combustion [1, 5, 6] . In addition, the spatial distribution of OH and CH 2 O of several jet flames were imaged by PLIF to have a look at the detail structure of the reaction zone from the downstream position 5d (d: Diameter of jet tube) to 37d. OH results were mainly used for the flame front structure obtaining and thought as the temperature indicator, and CH 2 O results were employed as the marker of the low temperature zone of flames [2] .
Experiment Setup
The experiment setup employed in the present work is mainly comprised of a burner and a laser diagnostic system, as shown in Figure 1 . A water cooled McKenna burner with a centre jet tube was utilized. The jet tube was 1 mm in diameter and its exit were 4 mm above the surface of the McKenna burner. With this tube, the jet flame of the mixture presented in Table 1 was generated. It was surrounded by a co-flow comprised of hot flue gas which was generated from a laminar premixed flame of methane/air (ϕ = 0.9) locating about 2 mm below the jet tube exit. The gas supply was controlled by several mass flow controllers (Alicat) to obtain designed mixtures with the given Reynolds number. Air was emulated with 21% O 2 and 79% N 2 and D diluent (dilution ratio) was given by,
where V diluent is the volume of diluent (N 2 or CO 2 ) and V sum is the total volume of the gas mixture. The PLIF system was adopted for OH and CH 2 O measurement. A frequency-double Quanta-Ray Nd:YAG laser (PRO-250-10H, Spectra physics, Santa Clara, CA, USA) was used to pump a dye laser (ND6000, Continuum, Boston, MA, USA) to generate 283.049 nm UV laser(with pulse energy of 15 mJ) with a frequency doubler. This UV laser was made to a vertical laser sheet with a length of 32 mm passing through the center of flame vertically to excite Q 1 (8) line of OH with the transition of A 2 Σ ← X 2 Π(1, 0) . The corresponding fluorescence was captured by an intensified charge coupled device (ICCD) camera (PI MAX 3, Princeton Instruments, Trenton, NJ, USA) with a 1024 × 1024 pixel array. A UV lens (105 mm focal length, Nikon, Tokyo, Japan) and two combined Schott filters (WG305 and UG11) were used to obtain the signal around 308 nm. For the measurement of CH 2 O in the flame, the frequency-triple Quanta-Ray Nd:YAG laser was used to generate a 355 nm laser with pulse energy around 150 mJ, which was also formed to a 32 mm high vertical laser sheet passing through the flame. Its fluorescence was collected by an ICCD camera and a Nikon objective (f/4.5, 50 mm) through a Schott long-pass filter (GG395).
Results and Discussions

Emission Spectra Analysis
The photographs and emission spectra of the flames under different conditions were shown in Figure 2 . Compared with Flame 2 (ϕ = 0.9, D diluent = 0), there is almost no visible light in Flame 1 (ϕ = 0.4, D diluent = 0) due to the property of flameless combustion [1] . The flames with large amount of dilution, such as Flame 4 (ϕ = 0.9, N 2 D diluent = 50%) and Flame 5 (ϕ = 0.9, CO 2 D diluent = 0), also had much less visible light, showing very close to the characteristic of Flame 1. The emission spectra of these flames from 260 to 540 nm were captured by a spectrometer (Ocean optics 2000) focusing on the downstream position 10d with a spherical lens. As shown in Figure 2 , it mainly contains the radiation from OH radical (310 nm) and CH radical (431 nm). Flame 1 and Flame 5 only have some light emission of OH radical, which is consistent with the observation by Duwig [1] . Comparing the flames with different dilution ratios, significant difference in the strength of emission spectra was observed. With a large amount of dilution, both the signals from OH and CH were dropped significantly. The OH signal of Flames 4 and 5 have the similar strength to Flame 1, but their CH signal still exists. From Table 1 , it can be seen that their content of CH 4 is very close to that of Flame 1, but theirO 2 fraction is much lower, which affects the chemical path in the reaction and makes diluted combustion different from ultra lean combustion. Figure 3a presented a typical OH-PLIF (Planar Laser Induced Fluorescence) instantaneous image of Flame 4. Those instantaneous images show the structures of turbulent flames. The color bar represents the signal intensity of radical, the bigger the color number, the stronger the signal intensity. According to the intensity of OH fluorescence signal, the wrinkled flame interface can be well recognized, which were processed with the adaptive threshold method: First, background signal was subtracted and the effect of uneven distribution of laser energy was removed from the original image using MATLAB. Second, the spot was assigned to 1 when the intensity of the OH fluorescence signal was more than 0, or the spot was assigned to 0. Therefore, a black and white picture can be obtained and the burned region was white while the unburned region was black. Consequently, the flame front contours were obtained by extracting the boundary of black and white, as shown in Figure 3b . In the present experiment, 500 transient images were collected for each case. The overlaying value of 500 single shots was presented in Figure 3c which can be used in statistical analysis with averaging and root mean square (RMS) values to analyze the flame front distribution. Additionally, the wrinkle ratio (W) of these flames was also calculated out with those flame front boundaries. Wrinkle ratio is a significant parameter to demonstrate the scale of turbulent flame front fractality. The bigger the wrinkle ratio, the stronger the turbulent intensity, the more flame front fractality. The calculated method was given by,
Image Process
in the formula, h is the given flame height at vertical distance, which is determined as 1 mm in the current experiment. L is the flame front length within a given flame height of h at a given downstream position. The distance between two neighbouring pixels with corner connection was counted as √ 2 times of that of the pixels with side connection, as shown in Figure 3b . From these figures, it is clear that the CH 2 O layers are surrounded by OH layers. CH 2 O was generated in the middle of the flame during the preheating stage which was earlier than OH. In the flame front zone, OH was generated and the distribution of OH shows the conjunction between burnt and unburned regions, thought as an indicator of flame region [36] . In all cases, OH signal shows relatively stronger as close to the flame front, especially in wrinkle pockets and flame tip zone. The unburned region and the thickness of OH layer expanded from the flame bottom to the tip. The parts of flames below~10dareshown to be smooth and above~10dthey are wrinkled to form many eddies due to turbulent effect. When the flame was diluted, the strength of OH signal dropped and unburned zone expanded significantly. The similar effect was observed in ultra lean flame, Flame 1. In addition, CH 2 O layers became more thickened from the tube exit and started to merge together at the downstream position around 10d. At the tip of the flames, CH 2 O started to be consumed out. The strength of CH 2 O signal was also weakened notably by dilution.
Analysis of PLIF Images
The averaging and RMS results of these flames were obtained with 500 single shots of instantaneous OH ad CH 2 O images to the statistical analysis, which can be used to analyze the flame front distribution. Root mean square (RMS) values can be used to indicate the degree of dispersion of the measurement sample, in this case it refers to the OH and CH 2 O radical signal, which was real-time and online measured. Therefore, the root mean square (RMS) values indicated the position of the flame front with maximum possibility. The radial distribution at the downstream position of 18d is presented in Figure 5 . At this axial position, CH 2 O already merged together making the peak of the mean value appear in the central position and the peak of RMS value show at the side of flames corresponding to the CH 2 O consuming zone, since at this region, the distribution of CH 2 O concentration changes a lot with time due to strong fluctuation by turbulence. The peak of mean value of OH locates around the radial distance of 2d, where there is almost no CH 2 O left. The peak of RMS value of OH is around 1d, close to that of CH 2 O, where OH was mainly generated. The mean and RMS value of CH 2 O and OH decline with dilution and the peak of OH shifts about 0.5d to the burnt region side, which indicates the expanding of the unburned region. The distribution curve of CH 2 O of Flame 1 almost overlaps that of Flame 3, even though their composition is notably different as shown in Table 1 . For these two flames, the OH distribution curve also overlaps each other in the flame center. However, Flame 3 has a bigger peak value of OH than Flame 1 caused by its higher methane fraction and larger calorific value inducing higher flame temperature. With the same reason, the peak value of OH of Flames 1 and 4 are very close to each other. However, comparing to Flame 1, the combustion of Flame 4 delayed significantly according to the distribution of OH. The main difference is oxygen fraction in premix. It is found that, even though all the flames are under-lean condition and the oxygen in the premixed mixture are abundant for fixed methane fraction, oxygen fraction still has some influence on the combustion. The main effect happened in the preheat reaction zone, making the reaction stronger and more CH 2 O to be generated with the same fraction of methane. Since that, the combustion occurs earlier as observed above. However, it has almost no effect on the burnt region, because the content of methane dominants the calorific value of the mixture and affects the heat release and the temperature of flames. It is worth paying attention to the averaged and RMS value of OH that may be affected by the OH signal of co-flow comprised of hot flue gas, which was generated from a laminar premixed flame of methane/air (ϕ = 0.9) located about 2 mm below the jet tube exit. Figure 6 shows the statistics characteristic of the flame front of Flame 1 to 4. The results were obtained from those OH-PLIF instantaneous images with the process shown in Figure 3 . In Figure 6a , the plotted flame front distribution value was obtained at downstream position 18d. The front distribution value represents the OH radical signal intensity of the flame front statistics images, and the unit "a.u." is the unit of signal intensity. Figure 6(b1) shows the maximum value of the front distribution at different given vertical position. It indicated the position of flame front with the maximum possibility. As the premix was diluted, the flame expanded and the combustion delayed obviously. Hence, the mean volume of the flame region increased and the mean fuel consumption rate decreased with less methane fraction in mixtures as concluded by [3] . The flame front of Flame 1 was much closer to the jet center than that of Flames 3 and 4, even though Flame 1 has same CH 2 O signal as Flame 3 and the same peak of OH signal as Flame 4. In Figure 6 (b2) the wrinkle ratio was obtained along the axial direction, which was used to characterize the front fractality structure of turbulent flame. The change in the wrinkle ratio is small until the tip of the flame. The big drop around the tip was caused by the flame merging and reaction intensity decline. With dilution, the wrinkle ratio has a slight drop in the part lower than 22d. Comparing with the flames diluted by N 2 , the ones diluted by CO 2 have an OH signal with much less strength. As turbulent intensity enhanced at higher Reynolds number, the flame front was more folded. At the Reynolds number of 6000, the structure is very similar for N 2 and CO 2 cases. When the Reynolds number was changed to 3000, there is no big change in CO 2 dilution flames. However, the folded structure in the N 2 dilution flames almost disappeared. This phenomenon can also be observed based on the structure of CH 2 O distributions. The reason was thought to be the drop of the chemical reaction rate and fuel consumption rate caused by CO 2 addition, similar to the CO 2 effect on the laminar burning velocity [37, 38] . Figure 8 presents the distribution of the mean and RMS values of OH and CH 2 O along the radial direction at the downstream position of 18d of the flames with different dilution and Reynolds number. The structure of Flame 6 (DN 2 = 50%, Re = 3000) is significantly different from other flames, as described above with instantaneous images, which was kept in laminar flame style and its distribution of OH and CH 2 O is much close to those as one dimension laminar flames [37, 38] . For the flames with different Reynolds number, the mean value of their signal can be increased due to turbulent intensity enhancement, and can also be weakened due to their reaction zone expanding. The RMS value was enhanced significantly with Reynolds number indicating stronger fluctuation of flames. The strength and the thickness of CH 2 O increased at higher Reynolds number due to the enhancement of mixing between burnt and unburned gas which benefited the reaction in the preheat zone. Comparing the flames with different dilution content at Reynolds number of 3000, the RMS value of CH 2 O and OH of Flame 7 (DCO 2 = 50%, Re = 3000) is much larger than Flame 6 due to the folded flame front of Flame 7 as observed above. The mean value of CH 2 O in Flame 7 is larger than that of Flame 6, but that of OH is smaller. The wrinkled front enhanced the preheat reaction, but the larger heat capacity of CO 2 makes the flame temperature lower and the reaction rate slower, which is consistent with the result of Roy [39] . At the Reynolds number of 6000, there is no difference in the mean value of CH 2 O between Flames 4 and 5, but the OH value was weakened and the combustion was delayed in Flame 5, indicating less heat release and weakened reaction in flame zone. In Figure 9a , the distribution of the flame front of Flames 4, 5, and 7 overlapped except Flame 6 having a peak at the position of 1d. Combined with Figure 9b , Flame 6 had less front fluctuation as mentioned before. It indicated that the dilution difference has almost no influence on the front fluctuation under turbulent condition. When the downstream position was above 20d, the flame expanded significantly with CO 2 dilution as shown in Figure 9 (b1) and the wrinkle ratio dropped in the entire flame shown in Figure 9 (b2), which indicates that the combustion was delayed and flame front structure was smoothed as dilution changed from N 2 to CO 2 . 
Conclusions
In current work, the effect of N 2 /CO 2 dilution on the combustion characteristics of methane/air premixed turbulent jet flame with different dilution ratio and different exit Reynolds number were conducted using a water cooled McKenna burner with a centre jet tube. In order to obtain the knowledge about the effect of high dilution on the premixed turbulent flame, 50% dilution gas was used in the experiment. The distribution of free radical OH and combustion intermediate product CH 2 O in several turbulent jet flames were measured by OH-PLIF and CH 2 O-PLIF. The OH results were mainly used to obtain the structure of flame front and the distribution of CH 2 O was mainly used to study the low temperature zone of flames. Results show that the increasing of dilution ratio can sharply reduce the concentration of OH and CH 2 O, and postpone the burning of fuel. Compared with the ultra-lean combustion, the dilution weakens the combustion more obviously. For different dilution gases, the concentration of OH in the combustion zone varies greatly, while the concentration of CH 2 O in the unburned zone is less affected by different dilution gas. The CO 2 dilution has a more significant effect on OH concentration than N 2 with the given dilution ratio, but a similar effect on the concentration of CH 2 O in the preheat zone of the flame. However, dilution does not have much influence on the flame structure with the given turbulent intensity. 
